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INTRODUCTION 

This contract is a joint effort between the Center for Automotive Research at Wayne 

State University and Ford Motor Co. with a goal of reducing the testing time of the wear in 

the cylinder bore of reciprocating combustion engines. 

One of the most critical tribological areas in an engine is the cylinder-ring interface. 

Cylinder-ring wear has been known to play a major role in internal combustion engine 

durability, performance, emissions and fuel economy. Recently, cylinder liner wear in 

automotive engines has gained attention because of the stringent emission standards needed to 

be met during 100,000 miles of vehicle usage. 

The traditional method for measuring cylinder liner wear in a real engine is the gauge 

method which measures the increase in the bore diameter as a result of wear.  To make such a 

measurement, the engine needs to be dismantled.  Therefore, cylinder-ring wear tests are 

expensive and time consuming.  To cut time and cost, many attempts have been made to 

estimate cylinder liner wear using test benches under simulated engine conditions"91.  Rotary 

methods include the pin-on disk (ASTM G99) and the block-on-ring (ASTM G77).  Other test 

bench devices include the ring-on-ring, ball-on-flat, four-ball, and thrust washer. 

Reciprocating methods include the Cameron-Plint High Frequency Friction Machine and the 

EMA-LS9 machine. The bench tests are useful for the general purpose of screening ring and 

liner materials or oil and additives.  However, test benches could not simulate all of the 

conditions that exist in a fired engine. 

In-situ measurement of cylinder liner wear in engines under actual running conditions was 

made by using SLA (surface layer radio-activation) techniqueslll)'". The radioactive marker 

technique can directly measure the activity decrease from a small activated area on the 

component of interest as wear occurs. The technique can provide accurate wear data within a 

short time without dismantling the engine'1".  However, this method requires special 

precautionary preparations and cannot provide any information about surface topography of the 

cylinder liner. 



Material loss in cylinder liners of internal combustion engines is primarily from the 

upper part of the liner where wear reaches its maximum value at the top ring reversal point 

(TRRP)'11214191, as shown in Figure A, when the piston is at top dead center (TDC). The high 

wear at TRRP is the result of the contact between the asperities caused by the thin oil film 

between the top ring and the cylinder wall.   The oil film thickness is minimum at this location 

because of a combination of the high contact pressure, a very slow sliding speed approaching 

zero, and the low oil viscosity. The high contact pressure between the top ring and cylinder 

wall is caused by the peak cylinder gas pressure acting on the back of the top ring in addition 

to the initial elastic force of the ring. The sliding speed of the ring relative to the cylinder wall 

reaches zero at TRRP.  The low oil viscosity is caused by the increase in the oil temperature, 

as it gets in contact with the hot wall surfaces. These surfaces are exposed to the products of 

combustion at their highest temperature, before they are covered by the piston when it reaches 

TDC"1. The lubrication around the dead centers, and in particular TDC, is believed to be of 

the severe boundary lubrication regime'191. 

 Uleor   Probe   Lo cotton 
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Figure A.  Typical cylinder liner wear in major thrust side 



The major goal of this project is to develop a new technique to determine the in-situ 

wear in the liner at the top ring reversal point, as shown in Figure A, in an engine under actual 

running conditions without the need to disassemble the engine. The wear probe is then utilised 

to measure the wear and surface roughness at the TRRP of the cylinder liner.  A 3-D surface 

topography of a pre-designated area on the wear probe is obtained before and after a wear test 

is made. The volume of the topography above a common reference plane is calculated using a 

numerical integration algorithm. The decrease in the volume after the wear test is measured, 

and the average nominal wear depth is calculated over the whole area. The wear test is 

repeated after specified intervals of time during the break-in period.  In addition to the wear 

measurements, the total instantaneous engine frictional torque is measured.  A correlation is 

then made between the rate of changes in wear, surface roughness and engine friction over the 

break-in period.  In addition, a correlation is developed for the power lost in friction over the 

break-in period. 

OBJECTIVES 

The following are the objectives of this project: 

1- To design and manufacture the wear probe. 

2- To determine a wear measuring method with enough accuracy to detect probe wear. 

3- To improve the accuracy of measuring the instantaneous engine friction torque and 

account for the effect of torsional vibration of the crankshaft. 

4- To design the instrumentation to measure the piston-ring assembly friction, by 

measuring the cylinder gas pressure and the axial force in the connecting rod. 

5- To develop a cooling system to control the lubricating oil temperature. 

6- To run the engine during the break-in period and measure the wear of the probe. 

7- To determine the mechanisms of wear during the break-in period. 

8- To relate the probe wear and the engine friction level over the break-in period. 



1.0      WEAR PROBE DESIGN AND MANUFACTURE 

The in-situ wear probe was developed to measure the cylinder liner wear at the top ring 

reversal point. The design of the probe and its fixture was developed at Wayne State 

University in collaboration with Ford Motor Company. The probe and cylinder were 

fabricated using Electric Discharge Machining at Ford Motor Company.  Figure 1 shows the 

assembly drawing of the wear probe.  Figure 2 to Figure 4 show the part manufacturing 

drawings of the wear probe, the probe holder and the modified cylinder liner. 

Plain washer, 4mm, narrow.soft, steel, 
Probe cover 
M4X0.70,  Threaded Stud and Nut 
Cullnder brock 
Straight pin     steel.zlnc plated 
Cylinder  liner 
Wear  Probe 

unit in mm 
1 

1 

Wayne State University 
Center for Automotive Reaearch 

Scale, 2,1 
2    Designer 

sheeted by 

Wear  Probe 
ShenQqlang Huang 

Figure 1.        Cylinder block - wear probe assembly 
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Figure 3.        Manufacturing drawing of the probe holder 

8 



M4X10 
Thread 

A-A 

ES i—A 
//3.087 ^ 

I— A 

1. Keep cylinder liner upper side as  reference A. 
make the center line of the engine cylinder liner 
as reference B. 

2. Machine the rest surfaces and holes to precision, 
(fine grinding) 

Wayne State University 

inlt in mm Modified 
Cylinder Scnle. 2.1 

Design Shengqlang Huang 

Figure 4.        Manufacturing drawing of the modified cylinder liner 

The wear probe is 24 mm x 10 mm x 3 mm, shown in Figure 5, and is cut from an 

unused cylinder identical to the cylinder under test.  Accordingly, its surface has the same 

properties as the surface of the cylinder.  The probe is located in the cylinder so that the top 

ring is approximately centred on it when the piston was at TDC. The top quarter of the 

surface does not contact the top ring and is used as a reference surface.  Upon installation, the 

wear probe surface is flush with the inside bore surface to form a continuum of the power 

cylinder surface. The installed probe and the cylinder liner are later honed as a unit as shown 

in Figure 6.  Figure 7 shows the honing marks on the surface of the probe and liner. 



Figure 5.        Picture of the wear probe 
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Figure 6.        Picture of the cylinder block assembled with the wear probe 

II 



Figure 7.        Honing marks on the wear probe and cylinder liner 

The probe was designed and manufactured to ensure that its position in the cylinder 

liner is reproduced axially, radially and circumferentially, as it is installed into the cylinder 

liner. The flatness and the surface roughness of the shoulder surfaces of the wear probe and 

cylinder block is of strictly high precision in order to guarantee the continuity between the 

wear probe surface and the cylinder liner surface and at the same time to seal the combustion 

chamber. The perpendicularity, between the probe tip axis and the shoulder surface on the 

12 



wear probe and between the liner probe hole and the shoulder surface on the liner, is highly 

required in order to assure that the shoulder surfaces of the liner and the probe can well 

contact each other. Two dowel pins are used to prevent probe rotation. The probe is pushed 

against the machined cylinder housing shoulder by a cover. Two threaded studs with double 

nuts at each side are used to mount the cover on the cylinder block. The tightening torque of 

the nuts was decided before the cylinder liner with the wear probe was honed.  The wear probe 

was always mounted onto the cylinder liner with that certain tightening torque by using a 

precise torque rench afterwards in order to keep the surface continuity between the wear probe 

and cylinder liner surface. 

2.0      GUARANTEE AND VERIFICATION OF THE SURFACE CONTINUITY OF 

THE LINER SURFACE 

The surface continuity of the liner surface is primary guaranteed by the design structure 

of the wear probe.  In order to assure the continuity of the probe and cylinder surfaces the 

following procedure was followed during the whole engine test. 

1. Deeply clean the wear probe and probe assembly surfaces on the cylinder liner by using 

chemical solvent and clean compressed air. 

2. Place the wear probe into position and install the two dowel pins. 

3. Install and push the cover at its axis while tightening the nuts from left to right until the 

nuts lightly touch the cover.  By doing so, a tilted cover was well avoid. 

4. Tighten the left nut using 15% of the total tightening torque then the right nut. 

5. Tighten the left nut using 50% of the total tightening torque then the right nut. 

6. Tighten the left nut using 100% of the total tightening torque then the right nut. 

13 



7.   Repeat 4 to 5 for the double nuts. 

The surface continuity of the cylinder liner was evaluated by measuring the radial 

roundness and the axial straightness of the cylinder bore at GM Powertrain Advanced 

Development Lab.  Figure 8 shows the bore liner cylindricity.  Figure 9 shows the roundness 

of the cylinder surface at three different levels passing through the wear probe.  The probe is 

located at angle 0°.  Figure 8 and 9 indicate that the surface profile at the wear probe is within 

the distortion range of other portions of the cylinder. 

ISOMETRIC 

SO" 

25 

180- 

fOURlER SYNTHESIS WITH A0.A1.B1 
MINIMUM VALUE                                  -10.4 m AT 8.0 m>, 3SS.0 
MAXIMUM VALUE                                        9.9 m AT 75.0 ram, 265.0 
MINIMUM DIAMETER                               -12.1 /M AT 7.0mm, 55.0 
MAXIMUM DIAMETER                                16.1 M» AT 75.0 m. 115.0 

CYLINDRICITY 20.3 in 

Figure 8.    Cylinder liner cylindricity measured under 30 in-lb probe mounting torque 
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Figure 9.        Cylinder liner roundness measured under 30 in-lb probe mounting torque 

The interface between the wear probe and the cylinder liner was examined by a 3-D 

surface profile measurement at GM Powertrain Advanced Development Lab.  An area of 0.9 x 
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1.2 mnr was scanned and the 3-D surface profile was provided.  Figure 10 shows a 3-D 

surface profiles of the interface between the wear probe and the liner surface.  Figure 11 is a 

2-D profile of the above 3-D profile along the vertical direction.  Figure 11 shows that the 

probe discontinuity with the cylinder liner is about 2 |.im. 

1.2 
•..•    • ^?<- ••'• ..• •    •.• <*•>• • - 

^v> $r$-*•*•• •. :• >\2* 

0.0   0.2   0.3   0.5   0.6   0.8   0.9 

Interface 

Figure 10.      3D Surface profile of the interface of the liner and the probe 

16 



um 

0#!        0» 
>   i   i   i   i   i   i   i   i   i 
MO OJO OJO 1JD0 120 

Figure 11.      2D Surface profile of the interface of the liner and the probe 

3.0  MEASUREMENT OF SURFACE TOPOGRAPHY AND WEAR OF THE WEAR 

PROBE 

A Rodenstock 3-D Laser Stylus is used to measure the 3D surface topography of the 

wear probe. The measurement principle of the Laser Stylus is based on a servo-controlled 

focused laser beam detecting the height deviation of the test sample surface. The motions in 

X-Y directions are achieved by a precision stepper motor-controlled table to which the test 

sample is fixtured. The system can provide 3D profile, 2D profile, 2D roughness profile and 

roughness parameters. A zoom function allows enlargements of a measured section to be 

analysed. 
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3.1 THE METHOD OF THE WEAR VOLUME MEASUREMENT OF THE WEAR 

PROBE 

The measurement of the wear volume is achieved by using the Laser Stylus.  An 

integration of the 3-D surface profile in a measured area gives the material volume above a 

reference plane in the measured area as shown in Figure 12. The difference of the material 

volumes before and after wear gives the volumetric wear of the wear probe in the measured 

area.   Since the cylinder liner surface is not a flat surface, a small error in the position of the 

scanned area of the wear probe can result in large errors in measured wear.  Special effort was 

made to ensure that the scanned area was the exact same area for each wear measurement.  For 

this purpose, a fixture attached on the moving table of the laser stylus, shown in Figure 13, 

was designed, made and modified for improving the accuracy to locate the measured area. 

The wear probe was forced, in two directions by two springs, to contact the position surfaces 

on the fixture. Therefore, the wear probe is relocated on the fixture with high accuracy in two 

directions and the tendency of a tilted wear probe is well eliminated.  In order to more 

accurately identify the position of the measured area, a small shallow hole, diameter 0.25mm, 

was machined on the surface of the wear probe as a reference hole. The position of the 

scanned area is identified relative to the centre of the reference hole. 

18 
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Figure 12.      3D profile display of the surface topography 
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Probe Surrace 

Figure 14.   The scanned area on the wear probe 

The scanned area (A) of the probe is 2.2 mm x 3.5 mm as shown in Figure 14. The 

top part (Ar) of the scanned area was used as a reference area.  It is located above the TDC 

line which indicates the position of the top ring when the piston is at TDC. The volume of the 

material above a reference level z=0 can be calculated by the system software.  Therefore, if 

the reference level z=0 is located at a depth under the unworn part on the probe surface, the 

wear volume would be the difference between the measured volumes before and after wear as 

shown in Figure 15. 

Wear Volume = V0 - V, (3-1) 

However, there is a variation in the Z=0 level from one measurement to another due to the 

manual calibration of Z=0 level and signal drift caused by temperature changes. 

21 



A A y 
Vlrf0   |   V0 
l| J 

/^     A 

Vi 

/ 

vfoi 

-fix    A 
i/ 

Before Wear After Wear 

Vo: Total Volume Above A 

Vrft: Reference Volume Above Ar 

Vi: Total Volume Above A 

Vr^ Reference Volume Above Ar 

Wear Volume = V0 - V, 

Figure 15.    Wear volume without zero shift 
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After Wear 

Vi: Total Volume Above A 

Vr(: Reference Volume Above Ar 

Wear Volume = (V0-Vi)+(Vri-Vr0)(A/Ar) 

Figure 16.   Wear volume with zero shift 

In order to eliminate the error due to the variation of the Z=0 level, the volume above 

the reference area Ar was calculated each time the wear volume was computed. The 

difference between the volumes before and after wear, above the Z=0 level on the reference 

area Ar, is caused by variation of the Z=0 level.  Figure 16 shows the volume before and 

after wear. Let Vr0 and Vr( be the measured volumes over the reference area Ar before and 
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after wear and V0 and V, the measured volumes over area A before and after wear. The wear 

volume Vw can be given by the following equation: 

Vw = (V0 - V.) + (VrrVr0)*(A/Ar) (3-2) 

The wear is expressed finally by a nominal wear depth h over the area 

h = Vw / Aw (3-3) 

where 

Vw is the wear volume in equation (3-2); 

Aw is the part of area A where wear occurs. 

3.2    ERROR ANALYSIS OF WEAR VOLUME MEASUREMENTS 

There are two main sources of error in the wear volume measurement.  The first is 

related to the probe repositioning and the resulting changes in the position of the scanned area. 

Although the establishment of the reference point and using springs to clamp the wear probe 

decreased this error, such an error could not be completely eliminated. The second source of 

error is the noise and signal drifting of the measurement system.  The resolution for the Laser 

Stylus is 0.02 p.m. 

To reduce these errors the following procedure was followed: 

1.  V01 and corresponding Vr0, were measured 10 consecutive times and recorded as shown in 

Table 1. Subscript i refers to the sequence of the measurement. 
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Table 1.  Raw Measured Volume 

Meas.iCi ] 0 1 2 3 4 5 6 7 8 9 

Vo, .0793607 .0812210 .0803502 .0805618 .0825916 .0834368 .0866437 .0879136 .0922749 .0981253 

Vro, .0209523 .0215520 .0212892 .0210924 .0217678 .0219421 .0228539 .0232649 .0245001 .0261575 

2. The raw measured volumes were modified to exclude the influence of the variation of 

z=0 level by 

Vj = V„ - ( Vr0i -Vr0) * (A/Ar) ( i - 0,9 ) 

3. The modified volumes V( are shown in Table 2 where V is the arithmetic average of Vj. 4. 

The standard sample deviation o of Vs was calculated and found to be equal to 

0.0003328 (mm3) or 0.40 % of V.   Accordingly, the precision of the wear depth 

measurement for our wear probe is about ±0.1 \im. 

Table 2.  Error of Volume Measurement 

Meas. # i V, (mm3) VrV (mm3) (V,-V)/V   (%) 

0 0.0830277 -.0003400 -0.408 

I 0.0827890 -.0005787 -0.694 

2 0.0828380 -.0005297 -0.635 

3 0.0837384 .0003707 0.445 

4 0.0834043 .0000366 0.044 

5 0.0836395 .0002718 0.326 

6 0.0836551 .0002874 0.345 

7 0.0834865 .0001188 0.143 

8 0.0835245 .0001568 0.188 

9 0.0835740 .0002063 0.247 

Average V = 0.0833677 a = 0.0003328 
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4.0      MEASUREMENT OF ENGINE FRICTION 

The engine friction was measured by determining the Instantaneous Frictional Torque 

(IFT) of the engine. The method used to determine IFT is based on the fact that all the 

torques acting on the crankshaft should be in equilibrium at any point during the engine cycle 

as illustrated in Figure 17. 

Mjpj = MP - ML - M| 

where 

MjfT = Instantaneous frictional torque; 

MP =  Instantaneous torque due to cylinder and crankcase gas pressures acting on the 

piston; 

ML =  Instantaneous torque due to the load on the engine; 

M, =   Instantaneous torque due to the inertia of the moving parts of the engine. 

Figure 17.  Balanced torques acting on the crankshaft 
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IFT is computed from the measured cylinder gas pressure, crankcase gas pressure, 

angular velocity and acceleration of the crankshaft, and the load on the engine1251. 

The IFT of an engine varies over the cycle and reaches its maximum amplitude shortly 

after the piston reaches TDC during the expansion stroke as shown in Figure 18. The average 

friction torque over the whole cycle is given by 

4* 

MlFT    = — j MlFT    d& (4-1) 
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Figure 18.   A sample of experimental result of engine IFT 
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5.0      EXPERIMENTAL SET-UP 

5.1 TEST ENGINE 

1, SINGLE CYLINDER ENGINE 
2. INCREMENTAL SHAFT  ENCODER 
3   LOADING SHAFT 
•1. LOW  INERTIA SHAFT  COUPLINGS 
5 TORQUE  SENSOR 
6. LOW INERTIA HYDRAULIC DYNAMOMETER 
7. TIMING DISK 
a STEEL MOUNTING PLATE 
9. ALIGNMENT BASE FOR TORQUE SENSOR 
ia ALIGNMENT BASE FOR DYNAMOMETER 

Figure 19. Layout of experimental setup 

Figure 19 shows a line sketch of the experimental setup.  Figure 20 and Figure 21 are 

two pictures of the test engine. The engine used in the experiments is a production four- 

stroke, high-speed, single-cylinder, air-cooled spark-ignition gasoline engine.  Engine 

specifications are given in Table 3. The engine oil temperature was thermostatically controlled 

at 85 °C by an external heat exchanger. The cylinder gas pressure was measured by a flush 

mounted, water cooled piezo quartz crystal pressure transducer.  A low range pressure 
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transducer was mounted on the crankcase to measure the instantaneous gas pressure on the 

bottom of the piston. The pressure transducers were calibrated by using a modified dead 

weight tester to account for the effect of thermal stresses'251. The crankshaft instantaneous 

angular velocity was measured by an optical shaft encoder. The engine load torque was 

applied by a low inertia water dynamometer and measured by a torque meter. 

Table 3.  Engine Specifications 

Type Gasoline, air-cooled, 4-stroke 

Cylinder arrangement Single cylinder inclined 20° 

Bore X stroke 74.5 X 57.3 mm 

Displacement 246 cc 

Compression ratio 9:1 

Valve train Overhead camshaft chain drive 

Maximum horsepower 17.8 BHP/7000rpm 

Maximum torque 1.9Kg-m/6000rpm 

Oil capacity 2.5 liter after disassembly 

Lubrication system Forced pressure and wet sump 

5.2      MEASUREMENT OF CONNECTING ROD FORCE 

A full bridge strain gages is installed on the engine connecting rod. The strain gage is 

of resistance type made by Micro Measurements ( number WK-06-062TT-350 ). The gages 

are applied to the neutral axis of the connecting rod to compensate bending and temperature 

variations. The orientation of the gages in the full bridge circuit is arranged to give maximum 

output. Since the gages are located on a point along the connecting rod axis of symmetry, half 
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of the gage is in tension whereas the other half is in compression when there is a bending 

moment. Therefore the strain gage bridge only senses the net compression and extension 

force. Temperature compensation is achieved by locating gages as close together as possible 

in order to subject all of them to the same temperature.  High temperature conductance of the 

forged steel of the connecting rod is helpful in this point. 

The connecting-rod of this engine is one piece which cannot be separated from the 

engine without disassembling the crankshaft.  Accordingly the strain gages had to be installed 

on the connecting-rod without disassembling the crankshaft. 

The strain gages and their bounding adhesives are coated to avoid contamination with 

fuel and oil.  Baking and curing are required for these high temperature adhesives and 

coatings. To achieve this a heating tape with temperature controller device was assembled and 

built at WSU, and used to minimise the thermal effect on the bearing surfaces of connecting- 

rod and crankshaft. 

The surface of the connecting-rod where the strain gages are mounted is chemically 

cleaned.  Special gages are designed and machined to make marks on both sides of the 

connecting-rod for strain gage alignment. 

The engine used is a compact motorcycle engine.  Its crankcase cannot be extended to 

accommodate a grass hopper linkage to lead the strain gages wires and excitation power supply 

wire from the connecting-rod to the outside of the crankcase.  Several other methods have 

been designed and compared. The method chosen is to coil the lead wires as a spring.  This 

allows the reciprocating motion to be transferred to spring compression and extension. One 

end of the "spring" is attached to the small end of the connecting-rod by a special clamp (for 

directing and protecting the motion of the wire), and the other end to the inner wall of the 

crankcase at the bottom of the cylinder block. Then the wire is lead out of the crankcase 
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through the enlarged vent of the crankcase. The lead wires are fixed and secured on the wall 

of the crankcase by epoxy resin. The lead wires at the end of the small end of the connecting 

rod are soldered to the tabs of the strain gage terminal strip.  Figure 22 shows a picture of the 

instrumental connecting-rod and leading wire spring mechanism.  Outside the engine, the wires 

from the strain gage were connected to the measurement group signal conditioning amplifier 

Model 2310. 

Connecting 
-rod 

Strain Gage 

Leading Wire 

Figure 22.      Picture of instrumental connecting-rod and leading wire spring mechanism 
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Dynamic calibration of the strain gage was performed during every run.  At TDC, the 

frictional forces of the piston assembly changes direction and the PRAFF is close to zero. The 

only forces acting on the piston are the inertial forces the gas pressure force. This point served 

for the dynamic calibration of the strain gages. The inertia forces are calculated from the 

reciprocating masses and acceleration. The gas force acting on the piston are calculated from 

the measured cylinder gas pressure. 

5.3    ENGINE LUBRICATING OIL TEMPERATURE CONTROL SYSTEM 

An lubricating oil temperature control system is added to the air cooled engine to 

control the lubricating oil temperature. Therefore the engine oil temperature becomes one of 

the controllable engine operating parameters. 

The engine oil filter cover is modified to allow all the lubricating oil to flow out of the 

engine after the oil filter.  A fixed tube bundle heat exchanger, made by Young Radiator 

Company, is used to cool the oil.  An RTD ( Resistor Temperature Detector ) is put on the 

outlet of the heat exchanger to sense the oil temperature after cooling and to signal the control 

unit. The controller compare the signal from the RTD to the set point and controls the 

opening of the cooling water valve.  Figure 23 is a schematic of the cooling system. 
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Figure 23.      Schematic of cooling system 

6.0      ENGINE BREAK-IN TEST 

6.1     BREAK-IN SCHEDULE 

Two sets of new cylinder liners and piston-rings were used for broken-in tests. The 

scheduled cumulative break-in time for both break-in tests is 28 hours.  Expecting the wear 

rate to dramatically change at the beginning of the break-in period, the wear probe sampling 

was done every 10 minutes during the first half hour of the break-in. The break-in schedule 

for the first break-in test is listed in Table 4. The break-in schedule for the second break-in 
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test, which is listed in Table 5,  is slightly modified according to the test result from the first 

break-in test.  The major modification is to sample the wear probe every 20 minutes during the 

first hour.   For the two break-in schedules, the engine speed was increased from 1600 rpm to 

3000 rpm and the load from 10% to 100% of full load (10 NM load torque) in 14 steps. 

Table 4.   Engine Break-in Schedule for First Wear Probe 

Step No. Step Time(hr) Cuniu. Time(hr) Speed (rpm) Load(%) 

1 0.1667 0.1667 1600 10 

2 0.1667 0.3333 1600 10 

3 0.1667 0.5 1600 10 

4 0.5 1.0 1600 10 

5 1.0 2.0 1600 20 

6 1.0 3.0 1800 30 

7 1.0 4.0 1800 30 

8 2.0 6.0 2000 40 

9 2.0 8.0 2200 45 

10 2.0 10.0 2400 50 

11 4.0 14.0 2700 60 

12 4.0 18.0 3000 70 

13 2.0 2500 80 

2.0 22.0 3000 90 

14 2.0 2000 100 

2.0 2500 100 

2.0 28.0 3000 100 
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Table 5.  Engine Break-in Schedule for Second Wear Probe 

Step No. Step Time(hr) Cumu. Time(hr) Speed (rpm) Load(%) 

1 0.3333 0.33 1600 10 

2 0.3333 0.67 1600 10 

3 0.3333 1.0 1600 10 

4 0.5 1.5 1600 20 

5 0.5 2.0 1600 20 

6 1.0 3.0 1800 30 

7 1.0 4.0 1800 30 

8 2.0 6.0 2000 40 

9 2.0 8.0 2200 45 

10 2.0 10.0 2400 50 

11 4.0 14.0 2700 60 

12 4.0 18.0 3000 70 

13 2.0 2500 80 

2.0 22.0 3000 90 

14 2.0 2000 100 

2.0 2500 100 

2.0 28.0 3000 100 

The entire second break-in test was successfully performed.  However the first break-in 

test lasted for 3 hours only, because abnormal wear was observed. The cause of the abnormal 

wear was the contamination of the oil with panicles brought into the engine during the intake 

valve repair. The intake valve was damaged after the timing belt broke. The intake valve 

seat needed to be lapped.  Some sanding particles got into the engine and caused abnormal 

wear. 
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6.2    TEST DATA FOR PROBE WEAR 

The data for the first three hours of the first break-in test, and for the whole break-in 

period of the second test were given in Figure 24 to 26. Figure 24 and 25 shows the nominal 

wear depth, wd, plotted as a function of time for the first and second tests respectively.  Both 

figures show that the wear occurred at a sharp rate during the first hour of engine break-in. 

After the first hour, wear rate decreased. This means that the early period of the break-in 

schedule is responsible for most of the wear.  After one hour of the break-in schedule the wear 

particles reach a high concentration in the lubricating oil.  Accordingly, an oil change after one 

hour would remove the wear particles, part of which might circulate with the oil and result in 

more wear. This result is consistent with Gumblenton's findings, as reviewed by Barber"1, 

where 75% of the total wear during a two-hour test occurred in the first 6 minutes. 

Figures 24 and 25 indicate that the magnitude of wear for the second probe is three 

times that of the first. The possible reason for this difference is given below. 
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Figure 24.      Nominal wear depth as a function of engine break-in time 
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The torque used for the installing the first probe before honing the liner was set by the 

machine shop and wasn't well controlled. The wear probe installation torque was later 

selected by the liner roundness measurement.  Also, the torque wrench used during the first 

break-in test was of much less precision than that used in the second break-in test. The 

precision in installing the second wear probe is the reason for the difference in the wear data 

for the two probes. 

6.3    WEAR RATE 

The high wear rate at the start of the break-in period is due to the high contact pressure 

between the ring and cylinder, and the very low sliding velocity as the piston reaches its TDC 

position. These conditions cause the lubricant film to be thin enough to result in metal-to- 

metal contact at the asperities of the piston ring and the cylinder liner.  At the beginning of the 

break-in period, the bearing area of the asperities is minimal and the unit pressure is the 

highest.   This causes plastic deformation, local cohesion and shear, seen as metal removal, 

and high wear. As wear proceeds, the contact area increases, contact stress decreases and 

wear rates decrease.  At a certain point, the two mated surfaces reach an equilibrium state and 

wear stabilises. 

Let's take a detail look at wear of the probe over the whole engine break-in 

period,shown in Figure 25.  In order to develop a mathematical expression for the rate of 

wear, reference is made to a correlation developed by Chung et al|24) for ring wear during the 

break-in period. 
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where wd = 

t = 

a = 

b = 

c = 

dwd / dt = a e M + c (6-1) 

nominal wear depth of the cylinder liner at TDC , in jam; 

cumulative engine break-in time, in hour; 

difference between wear rate at t=0 of break-in period and the steady 

wear rate after completing the break-in, in pm/hour; 

the time dependence of break-in, in hour "' 

steady wear rate after the break-in period is completed, in pm/hour 
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Figure 25.      Wear as a function of engine break-in time 
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Figure 26.      Wear rate as a function of engine break-in time 

Integrating Equation (6-1) and since wd at t=0 equals zero, 

wd = (a/b)(l-e'bI) + ct (6-2) 

According to Equation (6-2) the experimental data for the nominal wear depth can be 

expressed as 

wd = 2.75 ( 1- e 22U ) + O.OOlt (6-3) 

Equation (6-3) is shown as a solid line in Figure 25.  By diffrenciating Equation (6-3), the rate 

of change in the nominal wear depth (the wear rate) can be given by 

wr = dwd/ dt = 6.08 e*• + 0.001 (6-4) 

Equation (6-4) is presented in Figure 26. 

Equation (6-2) shows that the total break-in wear can be considered to consist of two 
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parts: a steady state wear (cxt) which will continue at a constant rate after the break-in, and a 

transient part (a/b)(l-e"bl) which occurs only during the break-in period. The experimental 

data given by Equation (6-3) shows that the contribution of the steady state wear (cxt) is very 

small compared to the break-in wear. Therefore, the cumulative wear during break-in is 

almost equal to (a/b). 

6.4    TEST DATA OF SURFACE ROUGHNESS 

The parameters used to determine the surface roughness include Ra, Rq, Rp, Rt, Rsk, 

HSC, Aa and Aq. These are illustrated in Appendix. 

Figure 27 shows the roughness parameters Ra and Rq plotted against engine break-in 

time for the first wear probe. Similar to wear, the major change in roughness occurs during 

the first hour of the break-in. 
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Figure 27.      Ra and Rq during the first three hours of engine break-in period 
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Figure 28 shows several roughness parameters: Ra, Rq, Rp, Rt, Rsk, HSC, A, and Aq 

before and after three hours of break-in for the first wear probe.  Ra and Rq decrease due to 

the surface becoming smoother after wear.  Rt and Rp decrease significantly because of the 

highest peaks of the asperities are removed.  However, the decrease of Rp is not as significant 

as Rt since the new center line of the worn surface profile is lower than that of the original 

surface. 

Rsk, HSC, A, and Aq provide more details about the changes in the surface topography. 

The increase of HSC shows more asperity peaks, both original and newly created by wear, 

are crossed by the new centre line. The increase of A, and Aq after wear indicates that the 

wear process creates a profile length longer than the original"51. This can be explained by 

equation (6-5). 
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Figure 28.   Roughness parameters before and after 3 hours of break-in 
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y/*   ^        /^7/*   i-7 actual profile length 
2 2 nominal profile length 

As wear occurs, some material is removed from the old peaks and new peaks and valleys are 

created.  If the newly exposed surface after wear is larger than the original surface, both A, 

and Aq increase. 

The skewness Rsk is a measure of profile symmetry about the center line.  A perfectly 

symmetrical profile has Rsk=0.  A negative Rsk indicates that the profile is dominated by 

valleys and vice versa. 

The original Rsk, shown in Figure 28, is negative. This is a characteristic of plateau 

honed surfaces.  After wear, Rsk increases and approaches zero. This would imply that the 

surface profile has become more symmetrical about the new centre line after break-in. To 

explain this, reference is made to the surface profiles before and after wear as shown in Figure 

29. These profiles indicate that wear occurs and result in the removal of a thin layer of the 

surface. This layer includes peaks as well as some valleys, as illustrated in Figure 30(b). This 

type of wear is different from that observed by Stout'17-181 where the top part of the asperities is 

removed as illustrated in Figure 30(a).  It is obvious that the worn surface profile, illustrated 

in Figure 30(b), is more symmetric around its new centre line than the original profile. 
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Figure 29. 2D roughness profile of the probe before and after wear 
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Figure 30.    Two wear behaviours of an ideal surface roughness profile 

The variation of the surface roughness Ra during the break-in period for the second 

wear probe is shown in Figure 31. The best fitting curve for this data can be given by 

Ra = 0.06 e ** + 0.54 (6-6) 

By comparing Figure 26 and Figure 31, it is clear that most of the wear occurred within the 

first hour, while the surface roughness took longer time (about 24 hours) to reach its steady 

state. This indicates that the surface texture characteristics were significantly changing even 
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after the material wear reached a steady state. Therefore, the completion of the break-in 

process cannot be considered to be achieved when the wear reaches its steady rate. 

6.5    TEST DATA OF INSTANTANEOUS FRICTIONAL TORQUE 

The experimental data of the cycle-averaged instantaneous frictional torque   M^- for 

the second wear probe is given in Figure 32.  It shows that   M^ decreased sharply at the 

beginning of the break-in procedure, after which it decreased at a much lower rate. This type 

of change is similar to that of the surface roughness, shown in Figure 31. The best fitting 

curve for   M^-,- is 

Mm- = a e pt + y (6-7) 

where    MIFr 

t = 

a = 

P = 

Y = 

average instantaneous frictional torque over engine cycle, in NM 

cumulative engine break-in time, in hour 

(average IFT at t=0 of break-in) - (steady average 1FT when break-in is 

completed), in NM 

the time dependence of break-in, in hour ' 

steady average IFT when the break-in procedure is completed, in NM 

According to Equation (6-7) the experimental IFT data can be given by 

MIFr= 1.76e^-l + 0.88 *[FT (6-8) 
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Equation (6-8) is shown by the solid line in Figure 32. 

Similar to surface roughness, about half of the total change in the mean IFT happened 

during the first 3.5 hours of the engine break-in time.  Also, the mean IFT took longer time, 

about 24 hours, to reach its steady state as compared to 3.5 hour for the wear rate. This 

indicates that wear rate is not a good indicator of friction. 
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Figure 31.      Surface roughness as a function of engine break-in time 
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Figure 32.      Mean IFT as a function of engine break-in time 

6.6    CORRELATION BETWEEN SURFACE ROUGHNESS AND ENGINE 

FRICTION 

The engine used in this investigation has been tested in our laboratories for many years. 

For the current investigation, the only new components which needed to be broken-in are the 

cylinder liner, piston and piston rings. Therefore, the change in the total engine friction can 

be considered to be due to changes in the surface roughness of the piston, piston-rings and 

cylinder liner. Accordingly, a relationship between the liner surface roughness and the mean 

IFT can be developed, as given by the Equation (6-9). 

Mnn- = 29.33 Ra - 14.96 'IFT (6-9) 
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Equation (6-9) is plotted in Figure 33 which shows that engine friction during the whole break- 

in period is linearly dependent on the surface roughness Ra.  A possible explanation is given 

below: 
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Figure 33.      Mean IFT as a function of surface roughness Ra 

The piston-ring assembly friction can be considered to consist of two modes. The first 

is the friction caused by the direct contact of the surfaces of the moving pairs.  This can be in 

the dry, boundary or mixed lubrication regimes. This mode is referred to as surface 

contacting friction. The other mode is the viscous drag force of the lubricant film in the 

hydrodynamic lubrication regime where the surfaces are well separated. This mode is 

referred to as lubricating film friction.  By comparing these two modes, it is clear that the 

friction coefficient for the surface contacting mode is much larger than that for the lubricating 

film mode.  At the beginning of the break-in period, since the surface roughness is high and 

the engine speed is low, as shown in Table 5, the surface contacting mode is the major 

contributor in total engine friction.  As the engine break-in procedure goes on, the roughness 

of the frictional surfaces becomes smaller and smaller due to wear as shown in Figure 31, 

meanwhile the engine speed is increased. As a result, more and more of the frictional 
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surfaces, originally in surface contacting mode, change to the lubricating film mode. This 

change in the friction mode decreases the PRA friction. 

6.7    RELATIONSHIP OF ENGINE FRICTION AND WEAR 

Comparing the exponents in Equation (6-4) and (6-8) indicates that the friction break-in 

takes longer time to stabilize than the wear break-in. This is similar to Blau's1211 finding for 

unlubricated materials. In general, the relationship between friction coefficient and wear rate for 

steady state or for break-in cannot be generalized1211. Wear and friction are not necessarily 

correlated especially when lubrication and tribochemistry reactions are present at the contact 

interfaces1221. 

The average IFT may be expressed as function of wear-rate, by combining Equation (6- 

4) and (6-8) as given by equation (6-10) 

M^ = 1.49 (wr - 0.001)° ^ + 0.88 (6-10) 

The change in the PRA frictional torque during the break-in period can be considered 

to occur in three regimes as shown in Figure 34: 

Regime I. Material Removal Regime (MRR) 

Regime II.   Transient Regime 

Regime III. Surface Roughness Smoothing Regime (SRSR) 

The characteristics of each regime are discussed in the following sections. 
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Figure 34.      Mean IFT as a function of wear rate 

Regime I: Material Removal Regime (MRR) 

This regime occured over the first hour of the break-in period. During this regime there 

was a sharp drop in wear rate, and a relatively small change in PRA friction.  Figure 31 

indicates that there was a small change in surface roughness. A possible explanation of the 

small change in friction, in spite of the large drop in wear rate can be made by referring to 

the adhesion theory of friction'2" , with the following assumptions: 

1 The friction force in this regime is mainly contributed to the direct contact between the 

wearing surfaces. 

2 The friction force F is equal to the product of the real area contact Ar and the shear 

strength of bond in that region.  According to the adhesion theory of friction'231 

F = Aro5 (6-11) 

where, as is the shear strength of the softer material. 

3.   The normal load N, carried by the tips of asperities which are under plastic deformation 
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when the surfaces contact each other, can be given by 

N = Aroy (6-12) 

where ay is the hardness of the softer material. 

4.   The wear is mainly based on the cutting mechanism. The softer material which is 

plastically deformed by the harder surface will be removed as wear debris. 

At the beginning of the break-in period (Regime I), the engine load was kept constant, 

according to the break-in schedule given in Table 5. Thus we can assume that N was constant 

as long as the load was kept constant. According to Equation (6-12) Ar would not change (as 

wear goes on) as long as oy remains constant. This may be justified if we neglect the effect of 

work hardening of the material on oy.   Therefore, with an almost constant Ar the friction 

force, given by Equation (6-11), should not change much as long as os is a constant. 

The reason for the sharp drop in the wear rate can be explained as follows. At the 

beginning of the break-in period the two surface are poorly conformed.  In order to have 

enough contacting surface area to support the normal load, the tips of the asperities must 

undergo a large plastic deformation according to the assumption 3.  According to the 

assumption 4, those plastic deformed material will be removed as wear debris.  As break-in 

continues, the wearing surfaces become more and more conformed. Therefore, there will be 

less and less plastic deformed asperities and the wear rate will become smaller and smaller. 

Regime II: Transient Regime 

This regime is between the high wear-rate (MRR) and the Surface Roughness Smoothing 

Regime (SRSR) when low wear-rate occurs.  In this regime, changes in wear rate and in PRA 

friction were obvious. Unlike MRR regime, friction in this regime was no more dominated by 
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shearing the asperities.  Meanwhile, wear was not as intensive as in MRR regime due to the 

better conformity of the surfaces. Wear-rate and PRA friction are both under transient status 

in this regime. 

Regime III: Surface Roughness Smoothing Regime (SRSR) 

This regime began when the wear reached its steady low rate after 3.5 hours, ended after 24 

hours. This regime is characterised by a large drop in friction associated with a relatively 

small drop in wear-rate. The drop in friction may be contributed to the change in the surface 

roughness.  Figure 33, shows the linear relationship between friction and surface roughness, 

over the whole running period.  Figures 31 and 32 show that about half of the change in 

friction and surface roughness occurred during this regime, after wear reached its steady rate. 

It should be mentioned that although the change in the value of IFT is large, its rate of change 

in regime III is smaller than that in the first two regimes. 

By considering the change in PRA friction, it is hard to say there is a direct relationship 

between wear-rate and friction.  A large change in wear-rate in Regime I was not accompanied 

by a corresponding change in friction.  In regime III a small drop in wear-rate was associated 

with a large drop in friction. Therefore we conclude that during the break-in period, the PRA 

friction is poorly related to wear-rate, but is directly proportional to surface roughness. 

6.8    ENERGY LOSS DUE TO FRICTION DURING BREAK-IN PERIOD 

The work done 5Wf by the engine to overcome the PRA friction in a small increment 
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of time 6t can be calculated as 

5Wf =   M^r © 8t 

where 

co =    the angular velocity of the engine 

and from Equation 10 

8Wr = (1.76 e^21 + 0.88) co 6t 

(6-13) 

(6-14) 

The power lost to overcome friction, given by Equation (6-14), is plotted in Figure 35.  It can 

be divided into two terms. The first term on the right hand side of Equation (6-14) is a 

transient which has its highest value at the beginning, and diminishes at the end of the break- 

in period. 

The second is a steady term which continues during and after the break-in period. 
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Figure 35.      Power lost in friction as a function of engine break-in time 
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It should be noted that, in the engine used in this investigation, the only parts that were not 

broken-in are the liner and PRA. Therefore the second term in Equation (6-14) includes the 

friction in other parts of the engine such as bearings, valve train and auxiliaries. 

6.9    SURFACE TEXTURE OBSERVATION  A DISCUSSION ABOUT WEAR 

MACHANISM 

6.9.1 Methods for Detecting Wear Mechanisms 

The methods for detecting wear mechanisms includes wear particle morphology, surface 

texture observation and chemical component analysis of the wear debris. 

The classification of wear particles in terms of their morphological attributes such as shape, 

size and surface texture represents an essential aspect of understanding the mechanisms which 

control particle processes and which determine the responses to changes in the operating cycle'271. 

Particle morphology is defined comprehensively in terms of six attributes, i.e., profile, edge detail, 

surface texture, size, colour and thickness1271. To perform particle analysis, two primary approaches 

are used, i.e., behavioural techniques and image analysis. In the former, particles are scanned 

visually and then categorised in terms of a specific qualitative description. With the latter, 

quantitative techniques are utilised which can provide an abundance of shape descriptors. A 

computer image processing and analysis system has been developed to help the analysis of the size 

distribution, profile, outline shape through Fourier analysis and the use of Fractals, edge detail and 

surface texture'221. 

Wear mechanism detection can also be achieved by observing the changes of the surface 
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texture of rubbing surfaces. The components of the products formed due to corrosive wear can be 

revealed by spectroscopy techniques. Therefore, stylus roughness tracers, microscopy, SEM 

(Scanning Electron Microscopy), XPS (X-Ray Photoelectron Spectroscopy), EDIX, Auger Electron 

Spectroscopy etc. are useful in wear mechanism research. 

6.9.2 A Review of Wear Mechanisms of Cylinder Liners 

Wear mechanisms of the cylinder liner and piston rings are not well understood. Different 

engine operating stages, i.e. the break-in stage, the progressive wear stage and the catastrophic 

wear stage, have different wear mechanisms. Different locations on a cylinder liner surface have 

different wear mechanisms due to the cyclical variations of the cylinder chamber gas pressure, the 

gas temperature and the sliding speed of the piston rings against the cylinder liner. 

Observation of the wear mechanisms of the cylinder liner and piston rings is difficult. 

If SEM is used, the cylinder liner surface need to be dismanded during the operation period and the 

sample needed to be made small enough. If ferrography is used, the particles coming from the 

liner and rings are difficult to be separated from the particles coming from other engine parts such 

as the crank shaft, gears and bearings. 

Wear mechanisms of the cylinder liner include abrasion, corrosion, adhesion and plastic 

deformation. Cylinder wear is believed to be mosdy by abrasion and corrosion |1U1.   The 

mechanism which governs wear in the top portion of the cylinder liner is primarily adhesion at the 

beginning and is accentuated with time by corrosive and abrasive processes. When metal-to-metal 

contact occurs under boundary lubrication condition during the early stages of running-in, the area 

of contact between the two surfaces is limited to the contacting peaks of the asperities. The high 

temperatures generated by friction accompanied by the pressure exerted by the piston rings are 
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sufficient to cause plastic flow and micro-welding of the contacting asperities. Therefore, adhesive 

wear happens. As the roughness profiles of the two surfaces become more conformed after the 

initial critical moment of the running-in, abrasion and corrosion become the dominate wear 

mechanisms. Abrasive wear of the cylinder liner happens in the mixed and boundary lubrication 

regimes at TDC and BDC and is caused by the rubbing by the hard piston-ring surface or the hard 

particles in the lub oil. Those hard particles can be core sand, metal swarf, dust and accumulated 

wear particles in the lub oil. As a chemical film begins to form on the surfaces of the asperities in 

contact, wear becomes more corrosive in two stages. The first stage is rapid formation of the 

protective coherent film on the surface. The second stage is removal of the protective film by wear 

and re-exposure of the surface to more corrosive attack. 

Typical wear particles were observed by Jin1281 in the crankcase lubricating oil at different 

distinctive periods of operation of a diesel engine by using ferrography.  It was found that the 

typical particles during the running-in process were comparatively large rubbing wear particles in 

considerable quantities, cutting wear particles, a few metallic spherical particles, non-ferrous wear 

particles and particles of iron oxide. After the running-in, the particles in the lubricating oil were 

mainly platelet-type normal rubbing wear particles. Near the overhaul time of the diesel engine, 

the particles in the lubricating oil were large wear particles from the unstable shear-mixed layer, 

severe sliding wear particles, which had surface striations as a result of sliding as well as 

approximately straight edges, having sizes varying from 150 to 70 \im. The particles are iron and 

silicon, derived probably from the cylinder liner, and reappearing as cutting wear particles. 

Jin etc.129' found that the spherical metallic particles which appear in the lubricating oil 

during running-in, originate mainly from steel in the molten state. The formation of microspheres 

is considered to be due to local high flash temperatures exceeding the melting point of the steel. X- 

ray microanalysis indicated that rough-surfaced microspheres originated mainly from the cylinder 
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liner. Jin developed a special method to examine the interior structure of microsphere particles. 

He that the cast ledeburite structure, produced by solidification from the molten state at a high 

cooling rate, was present on cross-sections of the solid sphere panicles. Another evidence of 

solidification of molten state was that some of microspheres were hollow spheres with dendrite 

arms. When hollow microspheres solidify from molten state, the outer shell contracts during 

crystallisation so that the internal pressure is greater than the external pressure. Therefore, the 

internal molten metal or the vapours wrapped in the sphere can break through the shell and result in 

some branches, or dendrite arms, on the spherical surface. 

Corrosion wear was found by Williams'30' to be important. It predominated wear at low 

cylinder wall temperature, i.e. when the products of combustion condensed on the cylinder walls. 

Below certain cylinder-wall temperatures, there was a very rapid increase in wear. Such corrosion 

appears to mainly result from the formation of combustion products of fuel, such as carbon dioxide 

and sulphur oxide, and additives in the lubrication oil'19'.   The water13" and acidic"91 condensate 

causes high wear rates by corrosion. By using X-ray diffraction technique, Yahagi"9' found that the 

reaction products detected were CaS04.2H20, FeS04.H20,Fe304 and Fe2O3.2SO3.nH2O. 

Consequently, sulphuric acid in oil, was found to highly promote the corrosion of the lubricated 

reciprocating surfaces around TDC and BDC"9'. Like sulphuric acid, carbon soot in oil was found 

to degrade the lubricating state of the oil'19' therefore promote wear of the cylinder liner. The mass 

of wear particles in the oil filter was found'321 to be only a small portion of the total wear masses. 

This indicated that the wear particles are extremely small and mostly pass through the pores in the 

filter. 

The worn surface of the cylinder was found to be covered with a surface layer which 

Montgomery11' believed to be composed of graphite and Fe304. Kang and Ludema'1' reported the 

results of scuffing tests using cylindrical bearings sliding on flat steel specimens. They found that, 
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at the beginning of sliding, metallic debris was formed, apparently due to low cycle fatigue. 

Simultaneously, a soft and ductile film, composed of Fe?04, was formed on the steel surface and it 

functioned as a "solid lubricant". They described early sliding as competition between the rate of 

oxide formation and the rate of oxide removal by the metallic debris particles. If the oxide 

prevails, break-in is considered to be successful. Therefore, the oxides could be a significant 

mechanism in the slow wear of cylinder walls'". 

6.9.3 Surface Texture Observation by Using Laser Stylus 

To observe more clearly the change in the surface texture, the surface topography was 

obtained during this project by using the Laser Stylus. This is shown for a zoomed area before 

break-in and after three hours in Figure 36 and Figure 37 respectively.  The surface at y < 1.0 

mm is above the TDC position of the top ring and does not experience wear. The surface of y 

> 1.0 mm is contacted by the top ring and experience wear. This is evident from the above 

two figures, as the surface below TDC is obviously worn, while the surface above TDC is 

similar in the two figures.  A careful examination of the topography indicates that the honed 

valleys remained unchanged while the peaks were mostly removed.  In addition, a small pit 

was formed just below the TDC line which running at approximately x = 1.2 mm and y = 

1.1 mm.  It appears that a small bore segment ( 190 pm x 150 jam x 0.75 pm ) peeled off the 

surface. The wear mechanism producing this surface peeling is fatigue, caused by under- 

surface shear stresses, and probably enhanced by surface defects or micro-cracks produced in 

the surface during manufacturing or honing1161. 
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Figure 36. Zoomed surface topography before break-in 
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Figure 37.   Zoomed surface topography after 3h of break-in 
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6.9.4 Surface Texture Observed by Using Scanning Electron Microscopy (SEM) 

Figure 38 shows a original unworn surface texture of the wear probe examined by a 

Scanning Electron Microscope (SEM). The magnification is x500. Cross-hatch feature of the 

surface is a result of the cylinder honing operation. The grooves created by honing are 

believed to be able to "store" oil to prevent scuffing and other dire consequences1". The 

grooves are also believed to be able to act as a repository for wear particles, thereby removing 

them from the contact region between the rings and cylinder wall'31'.  A more likely 

explanation is that the roughness is needed only in the early stages of engine operation to 

enhance the removal or wearing off of cylinder wall and ring material in places of high 

interference between these components.  They are not made accurately enough to effect good 

conformity to each other. The reason for the honed roughness is to allow a high wear rate, 

without catastrophic scuffing, in locations of high stress between poorly conforming parts'". 

Openness 

Honing Mark 

Openness 

Honing Mark 

Large Hole 

Figure 38.      SEM picture of the unworn probe surface 
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The torn or folded metal is apparent in Figure 38. This folded metal would naturally 

break off during the initial running-in of the engine and cause wear of the cylinder liner and 

further cause wear of the piston and rings and the engine bearings where the same oil 

ultimately came into contact. 

Figure 38 also revealed some openness of material and one large hole.  By increasing 

the magnification on the electron scanning microscope to lOOOx, crushed and crazed material, 

shown in Figure 39, was revealed.  It was believed to be created by the honing process.  Some 

of the openness of material might have been caused by some graphite flakes, which cropped 

out to the surface, breaking away from the surface during the honing process. 

Crashed and 
Crazed 
Material 

Figure 39.      Crushed and crazed material on the unworn probe surface 
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Figure 40.      Worn surface of the wear probe 

Figure 40 shows the surface texture of the wear probe after 8 hours of the engine 

break-in.  It was noticed that the large amount of ploughed-aside ridges along the honing 

grooves produced during the honing process were partially worn and partially plastic deformed 

on their summits.  It proves that the folded material created by the honing process was the first 

one to be worn off during the beginning of the break-in.  A more detail examination of the 

surface revealed a lot of scratches along the sliding direction as shown in Figure 41 to Figure 

46. The scratches were mainly caused by metallic and oxide particles that developed by 

accumulation of fine wear debris as shown in Figure 41, 42 and 43. The particles accumulated 

at the piston ring cylinder wall interface, and they ploughed grooves in the surface of the 

cylinder wall.  Some of the scratches were caused by breaking-off folded material along the 
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honing grooves as shown in Figure 42.  Some of the scratches were caused by some graphite 

flakes cropped out to the surface and acted as abrasive particles as shown in Figure 44 and 45. 

Figure 46 shows a scratch which was caused by abrasion combined with plastic deformation. 

The metal seemed to be once molten during the forming of the scratch.  Another molten spot 

on the surface is shown in Figure 47. 

Abrasive 
Scratches 

Figure 41.      Abrasive scratches on the worn wear probe surface 
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Figure 42.      Scratches caused by folded material along the honing grooves 

Wear Scratch 

Figure 43.      A deep abrasive scratch on the probe surface 
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Figure 44.      A fine scratch starting from a small pit 
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Caused by 
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Figure 45.      Scratches caused by graphite flakes cropped out to the surface 
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Figure 46.      Scratch caused by abrasion combined with plastic deformation 

Molten Spot 

Figure 47.      A molten spot on the probe surface 
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Particles were found embedded in the surface as shown in Figure 48 and 49. They 

might be the graphite particles which cropped out to the surface by the honing process.  Many 

cracks were found on the surface as shown in Figure 50 and 51.  A shallow pit was found as 

shown in Figure 51.  The pit was likely to be formed by surface fatigue.  Unlike simple 

sliding, reciprocating motion of the piston ring/cylinder base system has a changing velocity 

with the crank angle and a zero value at both reverse points.  And since the peak gas pressure 

is reached at the top reverse point, the contact pressure is much larger and the friction force is 

much higher at this point than at others. This loading situation has a changing stress field 

which results in fatigue wear in the contact area of both the ring and liner.  Cracking leads to 

further spalling and particle pull-out. 

Embedded 
Particle 

Figure 48.      Embedded particles in the probe surface 
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Embedded 
Particle 

Figure 49.       Flat surface panicle embedded in the probe surface 

Cracks 

Figure 50.      Cracks on the probe surface 
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Crack 

Shallow Pit 

Figure 51.      A shallow pit caused by surface fatigue 

According to the above observation of the surfaces, the primary wear mechanisms of 

the cylinder liner on the position where the wear probe located were abrasion, plastic 

deformation and fatigue. Adhesive wear is not found. 

6.9.5 Surface Texture Observed by Using Optical Microscopy 

Fine scratches were also found to begin from the honing marks when the probe surface 
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was examined by using optical microscope.  Figure 52 is a picture of the wear probe surface 

after four hours of engine break-in.   The deep dark groove is a honing mark.  A much 

shallow and narrow scratch along the sliding direction of the piston and beginning from the 

honing mark is an indicator that some folded material along the honing grooves created 

abrasive wear.  Figure 53 is a picture of the same spot of the wear probe as in Figure 52 after 

14 hours of engine break-in. The abrasive scratch looks a little bit narrower than that in 

Figure 52 due to the uniform wear (or "polishing" wear called by some people) of the surface 

of the wear probe during 10 hours of break-in. 

Honing Mark 

\xm 

Figure 52.      A scratch beginning from honing mark after 4 hours of break-in 
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Figure 53.      The same scratch as in Figure 52 after 14 hours of break-in 

Abrasive scratches were found beginning at TDC position as shown in Figure 54 after 4 

hours of engine break-in.  The shinning part of the picture is the TDC line.  Figure 55 is a 

picture of the wear probe surface in the same location as in Figure 54 after 14 hours of engine 

break-in. The surface is obviously uniformly worn or "polished" if compared to Figure 54. 

The wear mechanism for "polishing" wear process might be a kind of abrasive wear which 

caused by some very fine abrasive particles and the smooth and hard top ring surface. 
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Wear Scratch 

"*V«v TDC Position 

Figure 54.      A wear scratch beginning at TDC after 4 hours of break-in 

Wear Scratch 

&t2 

Figure 55.      The same wear scratch as shown in Figure 54 after 14 hours of break-in 
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6.10    EXAMINATION OF WEAR PARTICLES IN LUBRICATION OIL 

The examination of wear particles in lubrication oil was made by Emission 

Spectroscopy.  Emission Spectroscopy is based on the study of wavelengths of a substance 

that is emitted as the substance returns to a normal state after excitation by an external source. 

When the atoms or molecules are excited by energy input from a spark, they respond in a 

characteristic manner. Their identity and composition are signalled by the wavelengths of the 

light they emit. The spectra of elements are in the form of lines of distinctive color; those of 

molecules are groups of lines called bands.  The number of lines present in a spectrum depends 

on the number and position of the outermost electrons and the degree of excitation of the 

atoms. 

The equipment used to examine our lubrication oil is called the Spectroil M Oil 

Analysis Spectrometer.  It was designed specifically to analyze wear metals, contaminants and 

additives in lubricants.  A group of four oil samples was analyzed.   Concentrations of 

chemical elements of Cr, Cu, Al and Fe in the oil samples were listed in Table 6.  Figure 56 

shows a plot of the data. 

Table 6. Concentration of Chemical Elements in Lubrication Oil 

Sample No. Break-in Time (hour) Cr (ppm) Cu (ppm) Al (ppm) Fe (ppm) 

1 0 0.1 3.1 0.6 2.2 

3 0.3333 0.4 9.8 2.6 13.4 

5 1.0 0.5 19.2 2.9 19.0 

7 
  

3.0 0.8 28.2 7.8 41.1 
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Figure 56.      Concentration of elements in lub oil as a function of break-in time 

Fe in lubrication oil was mainly due to wear particles worn from cylinder liner which 

was made of cast iron.  Cr in lubrication oil was due to the wear of top piston ring which was 

coated by Cr.  Al mainly came from the wear of the piston.  Cu was mainly due to the wear of 

the bearings.  From Figure 56, it is clear that all the above engine parts had increase in wear 

during the first 3 hours of engine break-in.  The wear of cylinder liner (Fe) was the heaviest 

one among the four parts. The bearing wear was in the second place. The lubrication oil 

contained less Cr wear particles from the top ring.   However, considering that the top ring 

consisted of a much smaller wear surface compared to the other parts, the wear of the top ring 

was considerably high. 
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7.0      POTENTIAL USE OF WEAR PROBE FOR ENGINE RESEARCH AND 

DEVELOPMENT 

The use of the probe for wear and roughness measurements can be very effective in 

reducing the cost of design, development and manufacturing of new engine-cylinders and 

piston ring assemblies. The time needed to determine the effect of the different variables on 

wear can be shortened. The variables include, and are not limited to clearances, surface finish 

(roughness and honing), material pairs, coatings, lubricating oil and additives.  Also, the 

length of the break-in period of mass produced engines may be shortened if the wear rate of 

the probe is measured, and the interval of high wear rates determined. This would reduce the 

cost and time consumed in running-in mass produced engines before delivery.  Furthermore, 

this would assure the manufacturer that the engine passed through the initial running-in period 

which will reduce the chances of catastrophic failure due to scuffing. 

8.0      MODEL SIMULATION OF CYLINDER LINER WEAR 

8.1    FORCES ACTING ON THE LINER BY THE PISTON-RING 

The forces which act on the cylinder liner by the piston-ring and cause wear include (1) gas 

pressure force, (2) elastic tension force of the piston ring and (3) piston side thrust force. 
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(1) The internal gas back pressure ps of the piston ring 

(a) p  =  p  ,  When  Frg<0 

or  when Frg=0  &  Vp <0. 

(b) p,-p2, When Frg>0 

or  when Frg=0  &  Vp>0 

Figure 57.      The internal gas pressure of the piston ring 

The internal gas back pressure p depends on the location of the piston ring on the piston 

ring-grove as shown in Figure 57.   If the ring is at the bottom of the grove as illustrated in Figure 

57 (a), the internal gas back pressure of the ring is assumed to be the same as the gas pressure 

above the ring p,. If the ring is at the top of the house as illustrated in Figure 57 (b), the internal 

gas back pressure of the ring is assumed to be the same as the gas pressure below the ring p2. The 

location of the ring is judged by the direction of the force ( F^ ) acting on the ring by the grove. If 

the direction of F^ is upward, the ring is sitting at the bottom of the grove. If the direction of F^ is 

downward, the ring is sitting at the top of the grove. By neglecting the ring gravity force and the 

friction force between the ring and the liner surface, and assuming the directions of all the positive 

forces and velocity are downward, we have: 
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and Fr  =  -mnngaP (8-1) 

F^s  - (Prp2)(nD2-rc(D-2hf)/4 

where F^ is the inertial force of the piston-ring; 

Fp,,, is the total gas force acting on the piston-ring along the sliding direction of the piston; 

m^ is the mass of the piston-ring; 

ap is the moving acceleration of the piston; 

p, is the gas pressure on the top of the ring; 

p2 is the gas pressure on the bottom of the ring; 

D is the diameter of the cylinder liner; 

h is the width of the ring, 

and 

If ¥n < 0, then ps = p,; 

If F^ > 0, then p; = p2; 

If F^ = 0, then p, = px when Vp < 0 and p; = p2 when Vp > 0 (where Vp is velocity of the 

piston). 

At present, since we don't consider the engine blow-by, it is assumed that the gas pressure 

above the piston-ring p, is the cylinder pressure pglB or p, =pglB, and the gas pressure below the 

piston-ring is the crankcase pressure p,^ or p2=pclBe. 

(2) Piston Ring Elastic Tension Force 
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Figure 58.      Geometry of the piston-ring 

An ideal piston-ring of constant cross section must satisfy the following conditions: (a) It 

should conform to the cylinder bore, and (b) It should exert a uniform pressure all around on the 

cylinder wall. If these two conditions are met, the piston ring shape, when free of stress, can be 

expressed by the following equation'331 ( see Figure 58 ): 

p0r I 
(reshape) M a      =    K   +     ~TT <l   "    C0Sflr    +     -<X&ma ) El 2 

+   —(——)2 (a -  —acosa -  —s\na)(3s'ma + acosa) 
2     El 2 2 

(8-2) 

where r is the main radius of the ring in constraint which is approximately equal to cylinder bore 

radius D/2, p0 is the uniform constraint force in circumference. El is the flexural rigidity of the ring 

and a the angle measured from the back of the ring. 
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If the piston ring is assumed to be ideal, i.e., the ring is truly circular when confined and it 

exerts uniform pressure all around the cylinder wall, and also that the ring only moves radially as a 

unit under loading, the piston ring behaviour is seen to be similar to that of a thin-walled 

cylinder*331. With the piston ring treated as a thin-walled cylinder, the radial deflection c, which 

equals the oil film thickness, is'331 

c =  (Pm - PJr2 

Etr (8-3) 

Pn    -    Po   +    Pi 

where pm is the mean pressure which the cylinder liner and lubrication oil film acts on the ring 

surface, pn is a combined pressure of the uniform ring's elastic force p0 and the internal gas back 

pressure p( of the piston ring, E is the Yong's modulus of the ring and ^ is the ring thickness. 

Oil film temperature and thickness were measured by Wing and Saunders'34' on the piston 

rings of a diesel engine. They found that the lubricant near the uppermost ring is cyclically 

subjected to large temperature transients during the power stroke and the film thickness is reduced 

momentarily to almost zero at the beginning of the power stroke. At present, since the oil film 

thickness is not calculated, we temporary assume that the oil thickness is zero in the wear 

measuring region of the wear probe. 

(3). Piston-ring reciprocating mechanism and piston side thrust force 

The reciprocating mechanism of the Honda single cylinder gasoline engine used in this 

investigation is shown in Figure 59. The angle P is related to the crank angle 6 by 
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sin/? = A.s'mO 

A.   * 
/ 

(8-4) 

where R is the radius of the crank and 1 is the length of the connecting rod. 

Figure 59.      Piston reciprocating mechanism 

Equations of piston displacement yp, velocity Vp and acceleration a,, of the piston are 

yp  = R(l - cosflj +   l-XRsin20 

VP  = /tofsinfl +  -As\n 20) (8-5) 

a„  = RQ)
2
(COS0 + Acos20) 

where co is the crank angular velocity. 
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Figure 60.      thrust force of the piston 

The thrust force F, as illustrated in Figure 60, by neglecting the gravity force of the piston, rings 

and piston pin, can be calculated by 

F,  - (FP + F,J tan/? (8-6) 

where Fp is the force acting on the piston by gas pressure and F,, is the inertial force of piston ring 

assembly, and 

FP  = (p^-pcase)(nD2/4) 

Far '(ntpra    "•"     TYXctr)' Ct p 
(8-7) 

At DCs where 0=0 or JC, the inertial force of piston assembly Fir= +Rco2(mpra-l-mar)(l±X). 

where 
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pgas is the cylinder gas pressure acting on the top of the piston and p^ is the crankcase 

pressure acting on the bottom of the piston respectively. D is the bore diameter, nip,, is the mass of 

the piston ring assembly: 

+ fllpra Ttlpislon ffl piston-pin ttl pinion-rings + (8-8) 

mctr is the pan of the connecting-rod mass n\ which is translate together with the piston shown in 

Figure 61. 

Yflctr tne~r (8-9) 

where lg is the length from the big end of the connecting-rod to the center of mass of the 

connecting-rod. 1 is the length of the connecting-rod. 

For simplification mca is considered equal mc/3, but in this investigation Equation (8-9) is used. 

Figure 61.      Equivalent masses m,^ and mcr of the connecting rod 
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The purposes for calculating the piston side thrust force F, are (a) to determine which side 

of the cylinder is contacted with the piston-rings, and (b) to determine the wear contributed by the 

side thrust force. 

•    Total Force Result ins »n Wear of the Cylinder Liner 

The total pressure pw which really acts on the cylinder liner by the ring to cause the bore 

wear is a combination of the ring face pressure pm in Equation (8-3) and the thrust force Ft in 

Equation (8-6).   Here, the average load pressure between each ring and the cylinder wall caused by 

piston side thrust is assumed to be equal to the total piston side thrust load divided by the sum of the 

ring lateral bearing areas. The due load pressure on the rings is highly indeterminate. In principle, 

less than half of piston side thrust force is carried by the piston skirt, but this force produces very 

low unit pressure and has been shown to be insignificant in producing bore wear1331. 

When F,>0, the thrust force is acting on the major thrust side of the cylinder liner, we 

assume that pw at the minor thrust side p^ at the moment equals pm. When F, < 0, the thrust force 

is acting on the minor thrust side of the liner, we assumed that pw at the major thrust side p,^ at the 

moment equals pm. Therefore, 

P   - - •   ]Fi 
r wmj 

r  wmn r 

and 

/  wmn 

r wmj t i 

where tr^ is the thickness of the ith ring. 

ym       ZDtri 

When Ft * 0 

P   +    IF'! 
1 m       2/>/r, 

WhenF,  < 0 
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8.2   CYLINDER LINER WEAR MODEL 

The wear along the cylinder wall is calculated by using Archard wear model since the wear 

of the cylinder liner is sliding wear pattern and its main wear mechanism during the break-in is 

abrasion. The law states that, generally, the amount of wear is direcdy proportional to the normal 

load F and the sliding distance S, but inversely to the hardness H of the surface being worn away. 

The wear volume can be expressed by 

FS 
w= /:„.— (8-n) 

H 

where Kw is the wear coefficient. 

In an engine, the force acting on the cylinder liner by a ring in the wear measuring area is 

F(9) = pw(9)A (8-12) 

where A is the nominal contacting area between the liner and the ring within the wear measuring 

area. Here, the wear measuring area of the wear probe is b x a where b is the width of the 

measuring area and a is the measuring length along the axis of the cylinder liner. For the piston- 

ring of thickness t,, the nominal area A in Equation (8-12) should be b x t,..   Therefore, at crank 

angle 9 Equation (8-11) becomes 
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^   =     ^MQ.b.tr.* (8B) 

H 

The wear rate with the respect of the crank angle degree at crank angle 0 is 

dw _     Pj9)b-t,\vP(e)\ 
~dl    K~    WoJ7^ (8~14) 

The crank angle degree which covers the measuring area of the wear probe is from 9, to GL 

Therefore, the wear volume in the measured area of the wear probe, due to piston moving from 8, 

to 0, is 

»* = ^bts;r*z::r"*° = '-2^-^ ® (8-15) 

The cumulative wear volume of the wear probe on the measured area for the engine operating 

period time 8t under engine speed N for a four stroke (intake, compression, expansion and exhaust) 

engine should be 

8W< =      (Wffyntake    +     WAfamp.    +     W«|cxp.    +     Ws\oxh) 
2 (8-16) 

N    Kw   b   trd   t _ _ —       x 

2-H 

89 



The average wear rate (in terms of wear depth) within the measured area ( b x a ) of the wear 

probe, shown in Figure 14 during time interval 6t is 

w.    -       * w' 
b    x   a-   8 t 
N   K.   u, a „ „ „ (8-'7> 
 ( Ointote       +       (dcomp.+       @«p.       +&exh.       ) 

2   a H 

From experimental data, a correlation of the wear rate (in terms of wear depth) with respect to 

the break-in time has been developed in Section 5.2.  Use the wear model of the probe in 

Equation (8-17), the wear coefficient Kw as a function of engine break-in time can be 

computed. 

8.3    COMPUTER PROGRAM OF THE WEAR MODEL 

The computer program in FORTRAN is listed below. 

C      ================================ 
C PROGRAM PROBE WEAR MODEL 
C      ================================ 
C + + + 
C + + + MAIN PROGRAM FOR MODELLING THE WEAR OF THE WEAR PROBE 
C + + + IN ENINGE CYLINDER. C.A.R. 9-19-97 BY ZHENG MA 
C + + + 
C 

COMMON PLNUMRNG 
DIMENSION CAD(721),PRSCYL(721),PRSCRK(721),ANGVEL(721), 

*MSRNG(5),DMRNG(5),EMRNG(5),IMRNG(5),THKRNG(5),WDRNG(5) 
DIMENSION DSTPST(721),SPDPST(721),ACLPST(721),TGBATA(721) 
DIMENSION FCTHRST(721),PRSRNG(721),PRSRNGELS1(721), 

*PRSMJWR 1 (721),PRSMNWR 1(721) 
DIMENSION CARAD(721) 
REALMSRNG,MSPST,MSCRD,LENCRD,LENGRV,LENSTRK,KOWEAR,IMRNG 
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CHARACTER *12 DATANAME1,DATANAME2,DATANAME3 
CHARACTER *1  OPT 
CHARACTER *82 CH 

C 
PRINT *,"INPUT THE NAME OF THE ENGINE PARAMETER FILE:' 
READ (V(A)')DATANAME1 
OPEN (UNIT=11,FILE=DATANAME1) 

c — INPUT PARAMETERS OF THE PISTON RINGS — 
READ(11,*)NUMRNG 
DO 1 I = 1,NUMRNG 

1 READ (11,*) MSRNG(I),DMRNG(I),EMRNG(I),IMRNG(I),THKRNG(I), 
*WDRNG(I) 

c — INPUT PISTON PARAMETERS — 
READ(11,*)MSPST 

c — INPUT CONNECTING-ROD PARAMETERS — 
READ (11,*) MSCRD,LENCRD,LENGRV 

c — INPUT CYLINDER LINER PARAMETERS — 
READ (11,*) DIMCYL,LENSTRK,HDNSCYL 

c — INPUT WEAR PROBE PARAMETERS — 
READ (11,*) WDAREA,DEGAREA,AREAWR 
CLOSE (11) 
PRINT *,'INPUT THE NAME OF THE TEST DATA FILE FOR THE MODEL:' 
READ (*,'(A)')DATANAME3 
OPEN (UNIT=9,FILE = DATANAME3) 
OPEN (UNIT= 12,FILE='COEFWEAR.OUT') 
WRITE (12,101) 

101  FORMATC     DATAFILE WEAR COEFICIENT KwV   ') 
2 READ(9,'(A)')OPT 

IF (OPT.EQ.'N'.OR.OPT.EQ.V) GO TO 5 
IF (OPT.NE.'Y'.AND.OPT.NE.y) GO TO 2 

c — INPUT THE NAME OF THE PRESSURE DATA FILE OF THE STEP — 
READ (9,'(A)')DATANAME2 
OPEN (UNIT = 10,FILE=DATANAME2) 
READ(10,'(A)')CH 
DO 3 1 = 1,721 
READ(10,*)CAD(I),A,PRSCYL(I),PRSCRK(I),A,A,ANGVEL(I) 

3 CONTINUE 
CLOSE (10) 

c — INPUT ENGINE OPERATING PARAMETERS — 
c — INPUT STEP WEAR(um),STEP TIME(hr) AND THE ENGINE RPM — 

READ (9,*) WEARSTEP,TIMESTEP,RPM 
PI =3.141592654 
FLMTHK 1=0.0 
DO 4 1 = 1,721 

4 CARAD(I)=CAD(I)*PI/180.0 
c — CALCULATE PISTON DYNAMIC VARIABLES — 

CALLDYNAMIC(721,CARAD,LENCRD,LENSTRK,ANGVEL,DSTPST,SPDPST, 
*ACLPST,TGBATA) 

91 



c — CALCULATE PISTON SIDE THRUST FORCE — 
CALLTHRUST(721,PRSCYL,PRSCRK,DIMCYL,MSRNG,MSPST,MSCRD, 

*LENCRD,LENGRV,ACLPST,TGBATA,FCTHRST) 
c — CALCULATE INTERNAL GAS PRESSURE OF THE PISTON RING 

CALL RINGPRS(721 ,PRSCYL,PRSCRK,MSRNG,WDRNG,DIMCYL,ACLPST, 
*SPDPST,PRSRNG) 

c — CALCULATE PISTON RING ELASTIC FORCE — 
CALL RINGELS(721 ,PRSRNG,DMRNG,EMRNG,IMRNG,THKRNG,DIMCYL, 
*FLMTHK 1, PRSRNGELS1) 

c — CALCULATE THE TOTAL FORCE ACTING ON THE TOP RING TO CAUSE 
c — CYLINDER WEAR — 

CALLRNGWRFC(721,PRSRNGELS1,FCTHRST,THKRNG,DIMCYL,PRSMJWR1, 
*PRSMNWR1) 

c — CALCULATE THE WEAR COEFICIENT OF THE WEAR PROBE IN THE 
c — MEASURED AREA OF THE LASER STYLUS — 

CALLCFWEAR(DEGAREA,PRSMJWR1,SPDPST,ANGVEL,HDNSCYL,WDAREA, 
*THKRNG,AREAWR,TIMESTEP,RPM,WEARSTEP,KOWEAR) 
WRITE(12,'(3X,A12,5X,E16.8)')DATANAME2,KOWEAR 
GO TO 2 

5    CONTINUE 
CLOSE(12) 
CLOSE(9) 
STOP 
END 

C 
C 

SUBROUTINE DYNAMIC(N,CARAD,LENCRD,LENSTRK,ANGVEL,DSTPST, 
*SPDPST,ACLPST,TGBATA) 

DIMENSION ANGVEL(721),DSTPST(721 ),SPDPST(721),ACLPST(721), 
*TGBATA(721),CARAD(721),SINBATA(721) 
REAL LENCRD,LENSTRK 

C 
CALL INTG(721,ANGVEL,AVSUM,OMGA) 
GAMA = LENSTRK/(2.0*LENCRD) 
R = LENSTRK/2.0 
DO10I = l,N 
SITA=CARAD(I) 
DSTPST(I) = R*(( 1.0-COS(SITA))+(GAMA/4.0)*( 1.0-COS(2.0*SITA))) 
SPDPST(I) = R*OMGA*(SIN(SITA)+(GAMA/2.0)*SIN(2.0*SITA)) 
ACLPST(I)=R*OMGA**2*(COS(SITA)+GAMA*COS(2.0*SITA)) 
SINBATA(I)=R*SIN(SITA)/LENCRD 
TGBATA(I)=SINBATA(I)/SQRT(1.0-SINBATA(I)**2) 

10   CONTINUE 
RETURN 
END 
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SUBROUTINE THRUST(N,PRSCYL,PRSCRK,DIMCYL,MSRNG,MSPST,MSCRD, 
*LENCRD,LENGRV,ACLPST,TGBATA,FCTHRST) 

C       
c 

COMMON PI,NUMRNG 
DIMENSION PRSCYL(721),PRSCRK(721),MSRNG(5),ACLPST(721), 

*TGBATA(721),FCTHRST(721),FCPRS(721),FCDYN(721) 
REALMSRNG,MSPST,MSCRD,MSPRA,MSCTR,LENCRD,LENGRV 

C 
MSPRA=0.0 
DO20I = l,NUMRNG 

20 MSPRA=MSPRA+MSRNG(I) 
MSPRA=MSPRA + MSPST 
MSCTR = MSCRD*LENGRV/LENCRD 
D021 I = 1,N 
FCPRS(I)=(PRSCYL(I)-PRSCRK(I))*PI*DIMCYL**2/4.0 
FCDYN(I)=-(MSPRA+ MSCTR)*ACLPST(I) 

21 CONTINUE 
DO 22 1 = 1,N 
FCTHRST(I)=(FCPRS(I) + FCDYN(I))*TGBATA(I) 

22 CONTINUE 
RETURN 
END 

SUBROUTINE RINGPRS (N,PRSUP,PRSLW,MSRNG,WDRNG,DIMCYL,ACLPST, 
*SPDPST,PRSRNG) 

C       
c 

COMMON PI,NUMRNG 
DIMENSION PRSUP(721),PRSLW(721),MSRNG(5),WDRNG(5),ACLPST(721), 

*SPDPST(721),PRSRNG(721) 
REAL MSRNG 

C 
DO 30 1 = 1, N 
PRSRNG(I) = PRSUP(I) 
FRCRNG=-(PRSUP(I)-PRSLW(I))*PI*(DIMCYL**2-(DIMCYL 

*-2.0*WDRNG(l))**2)/4.0+ACLPST(I)*MSRNG(l) 
IF (FRCRNG.GT.0.0) PRSRNG(I)=PRSLW(I) 
IF (FRCRNG.EQ.0.0) THEN 

IF(SPDPST(I).GT.O.O)PRSRNG(I)=PRSLW(I) 
ENDIF 

30   CONTINUE 
RETURN 
END 
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SUBROUTINE RINGELS (N,PRSRNG,DMRNG,EMRNG,IMRNG,THKRNG, 
*DIMCYL,FLMTHK1,PRSRNGELS1) 

C       
c 

COMMON PI,NUMRNG 
DIMENSION PRSRNG(721),DMRNG(5),EMRNG(5),IMRNG(5),THKRNG(5), 

*PRSRNGELS1 (721),PRSINRG 1(721) 
REAL IMRNG 

C 
A1=(DIMCYL/2.0)**7*(PI-1.0)*3.0/(4.0*EMRNG(1)**2*IMRNG(1)**2) 
B1 = (DIMCYL/2.0)**4*( 1.0+PI/4.0)/(EMRNG( 1 )*IMRNG( 1)) 
Cl =DIMCYL/2.0-DMRNG(l)/2.0 
PRSELS1=(-B1+SQRT(B1**2-4.0*A1*C1))/(2.0*A1) 
PRSELS1 = PRSELS1 /THKRNG( 1) 
DO30I = l,N 
PRSINRG1 (I) = PRSRNG(I) + PRSELS 1 

30 CONTINUE 
DO 31 I = 1,N 
PRSRNGELSl(I) = FLMTHKl*EMRNG(l)*THKRNG(l)/(DIMCYL/2.0)**2 + 

*PRSINRG1(I) 
31 CONTINUE 

RETURN 
END 

SUBROUTINE RNGWRFC(N,PRSRNGELS1,FCTHRST,THKRNG,DIMCYL, 
*PRSMJWR1,PRSMNWR1) 

C 
c 

COMMON PLNUMRNG 
DIMENSION THKRNG(5),FCTHRST(721),PRSRNGELS 1(721), 

*PRSMJWR1(721),PRSMNWR1(721),AREARNG(5),PRSTHRSTRNG(721) 
C 

THKRNGS=0.0 
AREARINGS=0.0 
DO40I = l,NUMRNG 
AREARNG(I) =THKRNG(I)*DIMCYL 
AREARINGS=AREARINGS+AREARNG(I) 

40   THKRNGS=THKRNGS+THKRNG(I) 
D041 1 = 1,N 
PRSTHRSTRNG(I)=FCTHRST(I)/AREARINGS 

41     CONTINUE 
DO 42 1 = 1, N 
IF (PRSTHRSTRNG(I).GE.O.O) THEN 

PRSMJWR1 (I)=PRSRNGELS1 (I) + PRSTHRSTRNG(I) 
PRSMNWR1 (I) = PRSRNGELS 1 (I) 

ELSE 
PRSMJWR 1 (I) = PRSRNGELS 1 (I) 
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PRSMNWR1 (I) = PRSRNGELS1 (I)-PRSTHRSTRNG(I) 
ENDIF 

42    CONTINUE 
RETURN 
END 

SUBROUTINE CFWEAR(DEGAREA,PRSMJWR1 ,SPDPST,ANGVEL,HDNSCYL, 
*WDAREA,THKRNG,AREAWR,TIMESTEP,RPM,WEARSTEP,KOWEAR) 

C 
c 

DIMENSION ANGVEL(721),THKRNG(5),SPDPST(721),PRSMJWR1(721), 
*PVFCTN(181) 
REAL KOWEAR 

C 
COFWR=WDAREA*THKRNG(1)*RPM/(2.0*AREAWR*HDNSCYL) 
INTANG = INT(DEGAREA) +1 

c — PROBE WEAR IN MEASURED AREA DURING THE INTAKE STROKE — 
DO 50 1 = 1, INTANG 

50 PVFCTN(I) = PRSMJWR1(I)*ABS(SPDPST(I))/ANGVEL(I) 
CALL INTG(INTANG,PVFCTN,WRSTK1,A) 

c — PROBE WEAR IN MEASURED AREA DURING THE COMP. STROKE — 
DO 51 1 = 1,INTANG 

51 PVFCTN(I) = PRSMJWR1(361-INTANG+I)*ABS(SPDPST(361-INTANG+I)) 
*/ANGVEL(361-INTANG+I) 
CALL INTG(INTANG,PVFCTN,WRSTK2,A) 

c — PROBE WEAR IN MEASURED AREA DURING THE EXPAN. STROKE — 
DO 52 1 = 1,INTANG 

52 PVFCTN(I) = PRSMJWR1 (360+I)*ABS(SPDPST(360+I))/ANG VEL(360+1) 
CALLINTG(INTANG,PVFCTN,WRSTK3,A) 

c — PROBE WEAR IN MEASURED AREA DURING THE EXHAUS. STROKE — 
DO 53 1 = 1,INTANG 

53 PVFCTN(I)=PRSMJWR1(721-INTANG + I)*ABS(SPDPST(721-INTANG+I)) 
*/ANGVEL(721 -INTANG +1) 
CALL INTG(INTANG,PVFCTN,WRSTK4,A) 
WRC YC=WRSTK1 +WRSTK2+WRSTK3+WRSTK4 
KOWEAR = WEARSTEP/(6.0*( 10**7)*TIMESTEP*COFWR*WRCYC) 
RETURN 
END 

C 
c 

SUBROUTINE INTG(N,FUNC,SUM,AVE) 

DIMENSION FUNC(721) 
SUM=0.0 
DO 10I = 1,N 
A = FUNC(I) 
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IF(I.EQ.l.OR.I.EQ.N)A=FUNC(I)*0.5 
10   SUM=A+SUM 

AVE=SUM/FLOAT(N-l) 
RETURN 
END 

8.4    RESULT OF THE MODELING 

The simulation wear of the wear probe can be computed by the above simulation 

program inputting the test data of the engine cylinder pressure, crankcase pressure, 

crankshaft angular velocity, engine operation time etc., if the wear coefficient Kw is known. 

However, we cannot use a wear coefficient of the cylinder liner material under normal wear 

condition because it is obvious that during the break-in period the wear coefficient Kw is not a 

constant.  It should be large at the beginning of the break-in period and decrease as the break- 

in goes on.  Since we measured the probe wear during the break-in, we can compute the 

simulated wear, according to the actual probe wear data presented by Equation (4) in Section 

6.2, by using the program to compute the wear coefficient Kw. The result is shown in Figure 

62. 
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Figure 62.    Wear coefficient Kw as a function of engine break-in time 

Figure 62 shows that the wear coefficient Kw changed in a very large scale during the 

break-in time. The wear coefficient K, was about 4.Ox 109 at the beginning and decreased to 

0.25x1012 at the end of the break-in period.  It decreased about 16,000 times. Since the 

wear coefficient is a parameter which indicates the seriousness of wear, Figure 62 illustrates 

the transient wear during the break-in time.  And the most serious change happened only 

during the first one or two hours during the break-in period. 

Wear coefficient Kw is a parameter which presents the probability of each asperity of 

the surface to become a wear particle.  Assume that for other materials of different hardness, 

such as aluminium alloy or steel, the wear coefficients Kw is the same as liner material (cast 

iron) tested in this program. The wear under the same engine operating conditions and 

break-in schedule can be computed by the wear model.  The results are as shown in Figure 

63. This figure shows that three materials follow a similar wear pattern during the break-in, 

and the material of the lowest hardness (aluminium alloy) has the highest wear level. 
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Figure 63.    Simulated wear of different liner materials during engine break-in 

9.0      CONCLUSIONS 

An in-situ wear probe was developed and successfully used to measure wear and 

surface roughness and to examine surface texture of the cylinder liner at the top ring reversal 

point of a single-cylinder, air-cooled, gasoline engine, during and after the break-in period.  In 

addition the different wear mechanisms at this location were identified. The cylinder liner, 

piston-ring assembly were the only parts of the engine being broken-in. The measurements 

included the cylinder gas pressure, instantaneous engine speed and load torque, needed to 

determine the instantaneous frictional torque of the engine.  Data was obtained at different 
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intervals during and after break-in period for a total of 28 hours. The following conclusions 

are based on these tests: 

1. The highest rate of wear occurred at the beginning of the break-in period, and decreased 

sharply during the first hour.   The wear reached its low steady rate after three and half 

hours of engine break-in. Accordingly, the wear particles reached a high concentration in 

the oil after the first hour.  Changing the oil after one hour would reduce the wear in an 

engine. 

2. The instantaneous engine frictional torque and surface roughness Ra had their highest 

values at the beginning of the break-in period, and decreased at a lower rate than the wear- 

rate. The engine friction and Ra took about 24 hours to reach their steady rate.  About 

half of the total change in mean IFT and Ra during the break-in period occured after the 

wear reached its low steady rate. 

3. The Piston Ring Assembly (PRA) friction during break-in was found to be linearly 

correlated to surface roughness. The reason is that the decrease in surface roughness 

changes the lubrication from mixed to hydrodynamic regime and results in a drop in 

friction. 

4. The data showed that a large change in wear-rate was not associated with a large drop in 

friction.  Meanwhile a small change in wear-rate was associated with a large drop in 

friction. This indicates that PRA friction and wear are not well correlated during the 

break-in period. 

5. Correlations have been developed for wear-rate, surface roughness, engine frictional 

torque, and energy lost to overcome friction during and after the break-in period. 
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6. By examining the probe surface using Scanning Electron Microscope and Optical 

Microscope, the primary wear mechanisms of the cylinder liner on TDC were found to be 

abrasion, plastic deformation and fatigue. 

7. Abrasion was found to be the main wear mechanism to cause the liner wear during engine 

break-in.   Folded material along the honing marks and graphite flakes on surface, 

produced during the honing process, broke off the surface and became wear debris to cause 

further abrasive wear. 

8. A simulating model of cylinder liner wear was developed. The model can predict liner 

break-in wear of different materials. 
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APPENDIX Definitions of Roughness Parameters 

Ra,Rq,wa,wq 

Wa and Wq     are the corresponding parameters from the 
waviness profile 

*The assessment length" is called 'traverse measuring 
length' or 'evaluation length  in ISO terminology 

I)        I5 are consecutive and equal sampling lengths (1 the 
sampling length corresponds 10 filter cut-off length) 

The assessment length L* is defined as the length of profile 
used for the measurement of surface roughness parameters 
(usually containing several sampling lengths, five 
consecutive sampling lengths are taken as standard) 

Ra  Ha ts the universally recognised, and most used. 
international parameter of roughness It is the arithmetic 
mean of the departures of the roughness profile from the 
mean line 

Ra - l/L\yW\dx 

0 

Rq Rq is the rms parameter corresponding to Ra 

Ra . 

Rz (ISO) 

nr 
Also known as the ISO 10 poini height parameier, is 
measured on the unfiltered profile only and is 
numerically the average height difference between the 
five highest peaks and the five lowest valleys within the 
traverse length 

HSC,PC 

HSC   The high spot count is the number of complete profile 
peaks (within assessment length) projecting above the 
mean line, or a line parallel with the mean line This 
line can be set at a selected depth below the highest 
peak or a selected distance above or below the mean 
line 

The peak count is the number of local peaks which 
project through a selectable band centred about the 
mean line The count is determined only over the 
assessment length though the results are given in 
peaks per cm (or per inch) The peak count obtained 
from assessment lengths of less than 1 cm (or 1 inch) is 
obtained by using a multiplication factor The 
parameier should therefore be measured over the 
greatest assessment length possible 

S is the mean spacing of adjacent local peaks, measured 
over the assessment length (A local peak is the highest 
part of the profile measured between two adjacent 
minima, and is only included if the distance between the 
peak and its preceding minima is at least 1% of the P+ V 
of the profile ) 

1. h h 

-, ) 
\ 

A t« Ain flllfl vw hi si 
\ V 

V \A WNV 
SM Sm is the mean spacing between profile peaks at the 

mean line, measured over the assessment length (A 
profile peak is the highest point of the profile between an 
upwards and downwards crossing of the mean line ) 
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R3y, R3z 

R3- The deviation from Ihe third highest peak to the third 
lowest valley in each sample length is found R3y is 
then the largest of these values 

R31  R32 is the vertical mean from the third highest peak to 
the third lowest valley in a sample length over the 
assessment length 

Rti, Ry, Rtm (RZDIN) 

Rtf    R|t is the maximum peak-to-valley height of the profile in 
one sampling length 

Ry    Ry is the largest R,, value within the assessment length 

RUn "tm 1S ,ne mean of all the Rn values obtained withir 
the assessment length It is the equivalent of RZDIN 

Bearing Ratio tp 

Bearing ratio tp is the length of bearing surface (expressed 
as a percentage of the assessment length L). at a depth p 
below the highest peak 

tp (%) is the ratio at the depth p 

b ] • b2 •> b3 + b4 
:100=^-°E"nb. 

The printout shows tp% for each of the levels as for HSC 

The bearing ratio (or Abbott-Firestone) curve below, shows 
how the ratio varies with level 

Rv, Rp, Rpm, Rt, wv, wp, wt 

Rv      Rv is the maximum depth of the profile below the 
mean line within the assessment length 

Rp     Rp is the maximum height of the profile above the 
mean line within the assessment length 

Rpm  Rpm is ihe mean of Rp values obtained for each 
sampling length of an assessment 

Where n • the number of cut-offs, then 

"pm 

1 • n 

R|       R| =• Rp • Rv and is the maximum peak to valley 
height of the profile in the assessment length 

WT| Wp and W( are the corresponding parameters from the 
waviness profile 

^k, Rku 

K(te » poiinv* 

*«k Rsk _ Skewness - is the measure of the symmetry of 
the profile about the mean line  It will distinguish 
between asymmetrical profiles of the same Ra or Rq 

Where n = number of data points in the profile, then 

1 » n 

"sk-jnbE    or,)' 
• • 1 

Rkn Rku _  Kurtosis - is a measure of the sharpness of the 
surface profile 

Where n • number of data points in the profile, then 

1 = n 

"ku-^E     w 
I - I 
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